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Chapter 1 : Introduction 
1.1 Research background 
In recent years, photorefractive (PR) materials have attracted interest and extensively 
studied because of their potential application in the field of holographic interferometry, 
optical processing and high-density data storage. The PR effect that occurs in systems of 
nematic liquid crystals (NLCs) is especially important because such systems exhibit large 
optical nonlinearity.  Their fluid-like nature facilitates their integration in films, waveguides, 
fiber, etc., while their crystalline characteristic allows their optical properties to be easily 
modified by low power laser and other applied field [1]. Further concern in PR effect is 
resulted from the discovery that addition of small dopants such as dyes and fullerene to a 
nematic liquid crystal could enhance the effect. 
Generally, the PR effect is due to a combination of various physical mechanisms such as  
photoinduced charge generation, charge carrier transport, and the electro-optical effect. It 
consists in a spatial modulation of the refractive index due to a charge redistribution in 
electro-optical materials, which takes place when they are inhomogeneously illuminated. 
Photoinduced generation and transport of charge carriers occur as a consequence of 
modulated light intensity, thus producing a non-uniform space-charge configuration. Due to 
the material’s electro-optical response, the spatially modulated internal electric filed, 
usually phase shifted with respect to the intensity pattern, modifies the refractive index 
creating a phase grating [2]. 
Usually, two beam coupling method is used to confirm the PR effect. In this study, using 
that method we are aiming to investigate the PR effect under two systems, which are 
intensity-modulation system and polarization-modulation system. We will also investigate 
the mechanism of PR effect that occurs in our devices and present the evidence to support 
our experiments. 
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1.2 Research objective  
The photorefractivity in nematic liquid crystal doped with dyes and fullerene normally is 
being observed and investigated under intensity-modulation system. In this case, spatial 
charges are generated in response to the establishment of an interference pattern created 
by two coherent light beams with parallel polarization. In other words, during two beam 
coupling experiment, both beam are set to p-polarized beam or s-polarized beam and then 
are illuminated to the sample.  Applying a DC (direct-current) voltage establishes a space 
charge field by charge separation (diffusion and drift), then a nonlinear optical pattern is 
formed which leads to a PR effect.  But in this study, we are aiming to confirm the PR effect 
in our samples not only under intensity-modulation system but also under polarization-
modulation system. In polarization-modulation system, the two beams are set orthogonally 
polarized to each other (p-polarized beam and s-polarized beam) to create an interference 
pattern. The purpose to verify the PR effect under this system is to diversify the application 
PR materials. The result of this work is written in chapter 3. 
Aside from confirming the PR effect, we also intend to investigate the mechanism of PR 
effect occurs in our samples. Therefore, we perform dark conductivity and 
photoconductivity experiment to determine the correlation with photorefractivity. For 
further understanding on PR mechanism we observe the ionic movements inside our 
devices using polarizing microscope. We will present the experimental evidence in chapter 4 
of this paper. 
1.3 Thesis structure 
In this chapter, we articulate our research background and the purpose of our research. 
In the next chapter, we will describe the PR effect theory and the fabrication method of 
nematic liquid crystal with dopants. Then in chapter 3, we will explain the PR responses in 
our devices using two beam coupling method to determine the PR effect. In chapter 4, we 
will investigate the PR mechanism occurs in our devices which contained various types of 
dopants.  Lastly, in chapter 5, we will state the summary of this thesis and discuss the future 
assignment. 
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Chapter 2 : Photorefractive effect theory and fabrication of nematic liquid 
crystal with dopants. 
2.1 Prologue 
The PR effect is a light-induced change of the refractive index of a PR material, upon 
spatially non-uniform illumination. Three mechanisms are involved in the PR process. The 
first is photoconductivity, which is composed of photoionizable charge generation and 
charge migration. The second mechanism is charge carrier mobility, which should differ for 
electrons and holes. The third process is electro-optic activity, which basically describes a 
field-dependent refractive index in non-centrosymmetric bulk materials. PR materials are 
appealing for applications in optical storage, optical switching, information processing and 
others [3]. 
2.2 Photorefractive effect theory 
2.2.1 Two beam coupling 
Consider the case of two mutually coherent laser beams I1  and I2with equal intensity 
overlapping in a dc-biased PR material [Figure 2.1]. The sinusoidal intensity pattern 𝐼(𝑥) 
occurs from the superposition of the two beams and results in a spatially modulated 
photoionized charge distribution 𝜌(𝑥). With the rate of photoionization 𝐺(𝑥) proportional 
to the number density of unionized donors (say, electron donors), and to the optical 
intensity, we have  
𝐺 𝑥 = 𝑠 𝑁𝐷 − 𝑁
+
𝐷 𝐼 𝑥  ,                                           (2.1) 
where 𝑁𝐷  and 𝑁
+
𝐷  are the number densities of donors and ionized donors, respectively, 
and s is the photoionization cross section. 
The photogenerated charges, which are spatially non-uniform will diffuse from the areas 
with high concentration, i.e. the bright interference fringes, to the areas with low 
concentration, i.e the dark interference fringes, where they get trapped. They can also drift 
away from the high concentration areas if sample is under the influence of an applied field. 
It must be noted that these charge migration process occur over microscopic distances. The 
recombination rate is proportional to the electron number density 𝑛(𝑥) and the number 
density of ionized donors (trapping sites) 𝑁+𝐷. Thus 
𝑅 𝑥 = 𝛾𝑅𝑛 𝑥 𝑁
+
𝐷 ,                                                     (2.2) 
where 𝛾𝑅 is a constant. 
In equilibrium, the rate of recombination is equal to the rate of photoionization. Hence 
𝑠 𝑁𝐷 − 𝑁
+
𝐷 𝐼 𝑥 = 𝛾𝑅𝑛 𝑥 𝑁
+
𝐷 .                            (2.3) 
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Eq (2.3) provides the expression for the electron distribution, that is 
𝑛 𝑥 =
𝑠
𝛾𝑅
𝑁𝐷 − 𝑁
+
𝐷
𝑁+𝐷
 𝐼 𝑥  .                                              (2.4) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In turn the spatially periodic electron distribution creates a periodically modulated 
space-charge field 𝐸𝑠𝑐 𝑥 . It should be noted that even though we are considering a system 
with only one type of charge present, the space-charge field can be induced in a system with 
both types of charge present as well, provided that the two kinds of charge have 
substantially different mobilities. In a steady state, the total current density  𝐽 vanishes 
because the currents from the drift process and the diffusion process cancel out each other. 
Hence 
𝐽 = 𝑒𝜇𝑒𝑛 𝑥 𝐸𝑠𝑐 𝑥 − 𝑘𝐵𝑇𝜇𝑒
𝑑𝑛(𝑥)
𝑑𝑥
= 0 ,              (2.5) 
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Figure 2.1 : Stepwise description  of PR effect, under an applied filed E0 and illumination by 
coherent write-beams I1 and I2 [4]. 
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where e is the charge of a proton, 𝜇𝑒  is the electron mobility, 𝑘𝐵  is the Boltzmann’s constant 
and T is the temperature. The expression for the space-charge field is thus  
𝐸𝑠𝑐 𝑥 =
𝑘𝐵𝑇
𝑒
1
𝑛 𝑥 
𝑑𝑛 𝑥 
𝑑𝑥
 .                                          (2.6) 
Since the material is electro-optic, refractive index change will be induced and the 
refractive index modulation will be in phase with the space-charge field [5]. 
2.2.2 Photoconductivity 
Photoconductivity is the increase in electrical conductivity of a crystal caused by 
radiation incident on the crystal. The photoconductive effect finds considerable practical in 
television cameras, infrared detectors, light meters, and indirectly in the photographic 
process. The direct effect illumination is to increase the number of mobile charge in the 
crystal. If the energy of the incident photon is higher than the energy difference between 
the lowest point of the vacant conduction band and the highest point of the filled valence 
band, then each photon absorbed in the crystal may have a high probability of producing a 
hole-electron pair. That is, the photon is absorbed by ionizing an electron originally in the 
valence band. In this circumstance both the hole in the valence band and the electron in the 
conduction band may contribute to the conductivity. 
Ultimately the hole and electron will recombine with each other, but it is possible for 
them to have quite different histories before recombination, spending various amounts of 
time trapped on impurities and imperfection in the crystal. Because of the possible differing 
influence of traps on the two carrier types, it is not usual to find that holes and electrons 
make comparable contributions to the photoconductivity in a given specimen. Traps are of 
central importance in determining the photoconductive response of a crystal. At present the 
mechanisms of the atomic processes occurring in traps are not always well understood, but 
it is clear that we cannot understand much of photoconductivity without invoking the 
presence of traps. 
If the energy of the incident photon is below the threshold for the production of pairs of 
holes and electrons, the photon may be able to cause ionization of impurity of the atoms 
(donor and acceptor atoms) and in this way produce mobile electrons or holes, according to 
the nature of the impurity. 
Figure 2.5 supposes that hole-electron pairs are produced uniformly throughout the 
volume of the crystal by irradiation with an external light source. Recombination is 
postulated to occur by direct annihilation of electrons with holes. We suppose that 
electrons leaving the crystal at one electrode are replaced by electrons flowing in from the 
opposite electrode. It is convenient to suppose that the mobility of the holes may be 
neglected in comparison with the mobility of the electrons, but it is a trivial matter to 
generalize the result to include the hole current. It does happen in many photoconducting 
substances that the mobility of the holes may often be neglected. 
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On this model the rate of change of the electron concentration 𝑛 is given by 
𝑑𝑛
𝑑𝑡
= 𝐿 − 𝐴𝑛𝑝 = 𝐿 − 𝐴𝑛2 ,                                             (2.7)   
using = 𝑝 , with a similar expression for the hole concentration : 
𝑑𝑝
𝑑𝑡
= 𝐿 − 𝐴𝑛𝑝.                                                                   (2.8)    
Here 𝐿 is the number of photons absorbed per unit volume per unit time, and the term 
Anp gives a recombination rate proportional to the product of the hole and electron 
concentrations, as is appropriate for bimolecular recombination. In the steady state we have 
𝑛0 = (𝐿/𝐴)
1
2  ,                                                                     (2.9)   
and the associated photoconductivity is 
𝜍 = 𝑛0𝑒𝜇 = (𝐿/𝐴)
1
2𝑒𝜇 ,                                                   (2.10) 
where μ  is the electron mobility. This relation predicts that at a given voltage the 
photocurrent will vary the light intensity to the power ½. The exponents observed are 
usually between 0.5 and 1.0, with some crystals having their exponents. 
 
If the light is switched off suddenly the decay of carries is described by 
𝑑𝑛
𝑑𝑡
= −𝐴𝑛2 ,                                                                      (2.11)   
which has the solution 
𝑛 =
𝑛0
1 + 𝐴𝑡𝑛0
,                                                                  (2.12)        
Where n0 is the concentration at 𝑡 = 0 when the light was turned off.  
 
Figure 2.5 Model of an ideal photoconductor : hole-
electron pairs are produced uniformly through the 
volume of the crystal by an external light source. 
Recombination occurs by direct annihilation of 
electrons with holes. Electrons leaving at one 
electrode are replaced by others entering from the 
opposite electrode. 
Light source 
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The carrier concentration should drop to 
1
2
n0 in the time 
𝑡0 =
1
𝐴𝑛0
= (𝐿𝐴)−
1
2 = 𝑛0𝐿 .                                          (2.13)  
Thus the elementary theory predicts that the response time 𝑡0 should be directly 
proportional to the photoconductivity at a given illumination level : sensitive 
photoconductors should have long response times.  
It is instructive to define a quantity called the sensitivity or gain factor G as the ratio of 
the number of carries crossing the specimen to the number of photons absorbed in the 
specimen. If the thickness of the specimen is d and the cross-section area is unity, then the 
voltage V produces the particle current 
𝐼
𝑒
=
𝑛0𝜇𝑉
𝑑
=
𝑉𝜇
𝑑2(𝐴𝐿)
1
2
 𝐿𝑑 ,                                           (2.14) 
using (2.9), and so the gain is given by 
𝐺 =
𝑉𝜇
𝑑2(𝐴𝐿)1/2
 .                                                              (2.15)         
Now the transit time 𝑇𝑑  of a carrier between the electrodes is given by 
𝑇𝑑 =
𝑑
𝑉𝜇
𝑑
=
𝑑2
𝑉𝜇
                                                                 (2.16)  
and the lifetime 𝑇𝑒  of an electron before recombination is given by 
𝑇𝑒 = (𝐴𝐿)
−
1
2 ,                                                                     (2.17)  
according to (2.14). We see that the gain (2.15) may be expressed as 
𝐺 =
𝑇𝑒
𝑇𝑑
,                                                                              (2.18)      
that is, the gain is equal to the ratio of the carrier lifetime to the transit time of a carrier 
between electrodes. A little reflection shows that this expression for the gain is quite 
general and is not limited to the specific model just discussed. If 𝑇𝑒  is taken as the observed 
response time, it is found that the gains thus calculated from (2.18) are very much larger 
that those observed experimentally. In some instances the discrepancy amounts to a factor 
of 108 .  It is obvious that a new element must be added to our picture of the 
photoconductive process, and the element needed is the effect of traps [6]. 
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A trap is an impurity atom or other imperfection in the crystal capable of capturing an 
electron or hole; the captured carrier may be reemitted at the subsequent time. We 
consider first a crystal with N electron trap levels per unit volume [Figure 2.6]. We suppose 
that the temperature is sufficiently low in relation to the relevant ionization energies so that 
the concentration of thermal carriers may be neglected; this means the dark conductivity of 
the crystal is negligible.  
 
 
 
 
 
 
For simplicity we assume that the recombination coefficient A introduced in (2.7) is the 
same foe electron-hole recombination as for electron-trap capture. Then 
𝑑𝑛
𝑑𝑡
= 𝐿 − 𝐴𝑛 𝑛 + 𝑁 + 𝐵𝑛𝑡  ,                                           (2.19)  
where n is the electron concentration in the conduction band. The term 𝐵𝑛𝑡  represents the 
rate of thermal evaporation of trapped caarriers back into the conduction band; we shall 
neglect this term for the present. In the steady state 
𝑛0 𝑛0 + 𝑁 =
𝐿
𝐴
.                                                                (2.20)    
There are two limiting cases to be discussed. It is difficult to grow crystals with trap 
concentrations N much less than 1014cm−3. At low current levels the carrier concentration 
n0 may be very much less than this, perhaps only 10
9 or 1010cm−3. In the limit 𝑛0 ≪ 𝑁 we 
have result 
𝑛0 =
𝐿
𝐴𝑁
,                                                                                (2.21)  
so that the photocurrent is now directly proportional to the illumination L. At high levels of 
illumination if 𝑛0 ≫ 𝑁 the response is given by 
𝑛0 = (𝐿/𝐴)
1/2,                                                                      (2.22)    
just as found earlier in the absence of traps.  
The decay of the system on switching off the light is given by the solution of the rate 
equation (2.9): 
Figure 2.6 : Model for photoconductivity with electron traps on concentration N 
Conduction band 
N 
Trap levels E2 
E1 
Valence band 
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𝑙𝑜𝑔
𝑛 + 𝑁
𝑛
− 𝑙𝑜𝑔
𝑛0 + 𝑁
𝑛0
= 𝑁𝐴𝑡                                       (2.23)     
If N ≫ n , the solution reduces to 
𝑛 = 𝑛0𝑒
−𝑁𝐴𝑡 ,                                                                         (2.24)         
and so the time for the signal to fall to e−1of its initial value is 
𝑡0 =
1
𝑁𝐴
,                                                                                 (2.25)    
which may be contrasted with the earlier result (2.13) in the absence of traps. We see that 
the presence of traps reduces the conductivity and also reduces the response time on the 
present model [6]. 
2.2.3 Charge carrier mobility 
In solid-state physics, the electron mobility characterizes how quickly an electron can 
move through a metal or semiconductor, when pulled by an electric field. In semiconductors, 
there is an analogous quantity for holes, called hole mobility. The term carrier 
mobility refers in general to both electron and hole mobility in semiconductors. 
Electron and hole mobility are special cases of electrical mobility of charged particles in a 
fluid under an applied electric field. When an electric field E is applied across a piece of 
material, the electrons respond by moving with an average velocity called the drift velocity 
𝑣𝑑 . Then the electron mobility μ is defined as 
𝑣𝑑 = 𝜇𝐸.                                                                                (2.26) 
where E is the magnitude of the electric field applied to a material, 𝑣𝑑  is the magnitude of 
the electron drift velocity (in other words, the electron drift speed) caused by the electric 
field, and µ is the electron mobility. 
Mobility is usually a strong function of material impurities and temperature, and is 
determined empirically. Mobility values are typically presented in table or chart form. 
Mobility is also different for electrons and holes in a given semiconductor. 
Conductivity is proportional to the product of mobility and carrier concentration. For 
example, the same conductivity could come from a small number of electrons with high 
mobility for each, or a large number of electrons with a small mobility for each. For metals, 
it would not typically matter which of these is the case, since most metal electrical behavior 
depends on conductivity alone. Therefore mobility is relatively unimportant in metal physics. 
On the other hand, for semiconductors, the behavior of transistors and other devices can be 
very different depending on whether there are many electrons with low mobility or few 
electrons with high mobility. Therefore mobility is a very important parameter for 
semiconductor materials. Almost always, higher mobility leads to better device performance, 
with other things equal. 
12 
 
Semiconductor mobility depends on the impurity concentrations (including donor and 
acceptor concentrations), defect concentration, temperature, and electron and hole 
concentrations. It also depends on the electric field, particularly at high fields when velocity 
saturation occurs. 
Without any applied electric field, in semiconductors, both electrons and holes move 
around randomly. Therefore, on average there will be no overall motion of charge carriers in 
any particular direction over time. However, when an electric field is applied, each electron 
and hole is accelerated by the electric field. If the electron and hole were in a vacuum, it 
would be accelerated to faster and faster velocities (called ballistic transport). Typically the 
electrons and holes have different drift velocities for the same electric field [7]. 
2.2.4 Electro-optic Effect 
Electro-optic effects refer to changes in the refractive index of a material induced by the 
application of an external electric field, which therefore “modulates” the optical properties; 
the applied field is not the electric field of any light wave, but a separate external field. 
If we were to take the refractive index 𝑛 to be a function of the applied electric field 𝐸, 
that is 𝑛 = 𝑛(𝐸), we can expand this as a Taylor series in 𝐸. The new refractive index 
𝑛′would be 
𝑛′ = 𝑛 + 𝑎1𝐸 + 𝑎2𝐸
2 +  …                                     (2.27) 
where the coefficients 𝑎1and 𝑎2are called the linear electro-optic effect and second order 
electro-optic effect coefficients. Although we would expect even higher terms in the 
expansion in Eq (2.27), these are generally very small and their effects negligible within 
highest practical fields. The change in n due to the first 𝐸 term is called the Pockels effect 
(Eq 2.28). The change in 𝑛 due to the second 𝐸2 term is called the Kerr effect (Eq 2.29), and 
the coefficient  𝑎2 is generally written as 𝜆𝐾 where 𝐾 is called the Kerr coefficient. Thus, the 
two effects are, 
∆𝑛 = 𝑎1𝐸                                                                    (2.28) 
and 
∆𝑛 = 𝑎2𝐸
2 =  𝜆𝐾 𝐸2                                             (2.29) 
All materials exhibit the Kerr effect. It may be thought that we will always find some 
(non-zero) value for 𝑎1 for all materials but this is not true and only certain crystalline 
materials exhibit Pockels effect. If we apply a field 𝐸 in one direction and then reverse the 
field and apply –𝐸 the according to Eq (2.8), ∆n should change sign. If the refractive 
identical effect (the same ∆n), the structure has to respond differently to 𝐸and –𝐸. In a 
noncrystallinematerial, ∆n for 𝐸  would be the same as ∆n for –𝐸  as all directions are 
equivalent in terms of dielectric properties. Thus 𝑎1 = 0 for all noncrystalline materials 
(such as glass and liquids). Similarly, if the crystal structure has a center of symmetry then 
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reversing the field direction has an identical effect and 𝑎1is again zero. Only crystals that are 
noncentrosymmetric exhibit the Pockels effect. 
But the Pockels effect expressed in Eq (2.28) is an over-simplification because in reality 
we have to consider the effect of an applied field along a particular crystal direction on the 
refractive index for light with a given propagation direction and polarization. For example, 
suppose that x, y and z are the principal axes of a crystal with refractive indices 𝑛1,𝑛2 and 
𝑛3 along these directions. For an optically isotropic crystal, these would be the same 
whereas for uniaxial crystal 𝑛1 = 𝑛2 ≠ 𝑛3as depicted in the xy cross section in Figure 2.2(a). 
Suppose that we suitably apply a voltage across a crystal and thereby apply an external dc 
field 𝐸𝑎  along the z-axis. In Pockels effect, the field will modify the optical indicatrix. The 
exact effect depends on the crystal structure. 
 
 
 
 
 
 
 
 
 
 
For example, a crystal like GaAs, optically isotropic with a sphericalindicratrix, becomes 
birefringent, and a crystal like KDP (KH2PO4 - potassium dihydrogen phosphate) that is 
unaxial becomes biaxial. In the case of KDP, the field 𝐸𝑎  along z rotates the principal axes by 
45°about z, and changes the principal indices as indicated in Figure2.2(b). The new 
principal indices are now 𝑛1
′  and 𝑛2
′  which means that the cross section is now ellipse. 
Propagation along the z-axis under an applied field in Figure2.2(b) now occurs with different 
refractive indices 𝑛1
′and 𝑛2
′ . As apparent in Figure 2.2(b), the applied field induces new 
principal axes 𝑥′  and 𝑦′  for this crystal. In the case of LiNbO3 (lithium niobate), an opto-
electronically important uniaxial crystal, a field 𝐸𝑎  along the y-direction does not 
significantly rotate the principal axes but rather changes the principal refractive indices 𝑛1 
and 𝑛2 (both equal to 𝑛0) to 𝑛1
′  and 𝑛2
′  as illustrated in Figure 2.2(c). 
As an example consider a wave propagating along the z-direction (optic axis) in a LiNbO3 
crystal. This wave will experience the same refractive index (𝑛1 = 𝑛2 = 𝑛0) whatever the 
Figure 2.2 (a) Cross section of the optical indicatrix with no applied field, n1=n2=n0. (b) The 
applied external field modifies the optical indicatrix. In a KDP crystal, it rotates the principal 
axes by 45°to x’ and y’ and n1 and n2 change to n1’ and n2’. (c) Applied field along y in LiNbO3 
modifies the indicatrix and changes n1and n2to n1’ and n2’. 
n1 = n0 
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polarization as in Figure 2.2(a). However, in the presence of an applied field 𝐸𝑎  parallel to 
the principal y axis as in Figure 2.2(c), the light propagates as two orthogonally polarized 
waves (parallel to x and y) experiencing different refractive indices 𝑛1
′and 𝑛2
′ . The applied 
field thus induces a birefringence for light traveling along the z-axis. The field induced 
rotation of the principal axes in this case, though present, is small and be neglected. Before 
the field 𝐸𝑎  is applied, the refractive indices 𝑛1and 𝑛2 are both equal to 𝑛0. The Pockels 
effect then gives the new refractive indices 𝑛1
′  and 𝑛2
′  in the presence of 𝐸𝑎  as 
𝑛1
′ ≈ 𝑛1 +
1
2
𝑛1
3𝑟22𝐸𝑎         and         𝑛2
′ ≈ 𝑛2 −
1
2
𝑛2
3𝑟22𝐸𝑎 2.30  
where 𝑟22  is a constant, called Pockels coefficient, that depends on the crystal structure and 
the material. The reason for the seemingly unusual subscript notation is that there are more 
than one constants and these are elements of a tensor that represents the optical response 
of the crystal to an applied field along a particular direction with respect to the principal 
axes. We therefore have to use the correct Pockels coefficients for the refractive index 
changes for a given crystal and a given field direction. If the field were along z, the Pockels 
coefficient in Eq (2.30) would be 𝑟13. 
It is clear that the control of the refractive index by an external applied field is a distinct 
advantage that enables the phase change through a Pockels crystal to be controlled or 
modulated; such a phase modulator is called a Pockels cell. In the longitudinal Pockels cell 
phase modulator the applied field is in the direction of light propagation whereas in the 
transverse phase modulator, the applied field is transverse to the direction of light 
propagation. For light propagation along z, the longitudinal and transverse effects are 
illustrated in Figure 2.2(b) and (c) respectively. 
Consider the transverse phase modulator in Figure 2.3. In this example, the applied 
electric field, 𝐸𝑎 = 𝑉/𝑑, is applied parallel to the y-direction, normal to the direction of light 
propagation along z. Suppose that the incident beam is linearly polarized (shown as E) say at 
45° to the y axes. We can represent the incident light in terms of polarization (𝐸𝑥  and 𝐸𝑦) 
along the x and y axes. These components 𝐸𝑥  and 𝐸𝑦  experience refractive indices 𝑛1
′  and 
𝑛2
′  respectively. Thus when 𝐸𝑥  transverses the length distance L, its phase changes by ∅1, 
∅1 =
2𝜋𝑛1
′
𝜆
𝐿 =
2𝜋𝐿
𝜆
 𝑛0 +
1
2
𝑛0
3𝑟22
𝑉
𝑑
                              2.31  
When the component 𝐸𝑦  transverse the distance L, its phase changes by ∅2, given by a 
similar expression except that 𝑟22  changes sign. Thus the phase change ∆∅ between the two 
field components is 
∆∅ = ∅1 − ∅2 =
2𝜋
𝜆
𝑛0
3𝑟22
𝐿
𝑑
𝑉                                                     (2.32)  
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The applied voltage thus inserts an adjustable phase difference ∆∅ between the two 
field components. The polarization state of output wave can therefore be controlled by the 
applied voltage and the Pockels cell is a polarization modulator. We can change the medium 
from a quarter-wave to a half-wave plate by simply adjusting 𝑉. The voltage 𝑉 = 𝑉𝜆/2 , the 
half-wave voltage, corresponds to ∆∅ = π and generates a half-wave plate. The advantage 
of the transverse Pockels effect is that we can independently reduce d, and thereby 
increases the field, and increase the crystal length L, to build-up more phase change; ∆∅ is 
proportional to L/d. This is not the case in the longitudinal Pockels effect. Is L and d were the 
same, typically 𝑉𝜆/2 would be a few kilovolts but tailoring d/L to be much smaller than unity 
would bring 𝑉𝜆/2 down to desirable practical values. 
From the polarization modulator in Figure 2.3, we can build an intensity modulator by 
inserting a polarizer P and an analyzer A before and after the phase modulator as in Figure 
2.4 such that they are cross-polarized, i.e. P and A have their transmission axes at 90°to 
each other. The transmission axis of P is at 45°to the y-axis (hence A also has its 
transmission axis at 45°to y) so that the light entering the crystal has equal 𝐸𝑥  and 𝐸𝑦  
components. In the absence of an applied voltage, the two components travel with the 
same refractive index and polarization output from the crystal is the same as its input. There 
is no light detected at the detector as A and P is at right angles (θ = 90°in Malus’s law). 
 
 
 
 
 
 
 
z 
z 
y 
x 
d 
𝑉 
45° 
𝐸𝑥  𝐸𝑥  
𝐸𝑦  𝐸𝑦  
𝐸𝑎  
L 
∆∅ Output 
light 
Input 
light 
Figure 2.3 Transverse Pockels cell phase modulator. A linearly polarized input light into an 
electro-optic crystal emerges as a circularly polarized light. 
z 
z 
y 
x 
𝑉 
45° 
Detector 
Input 
light 
P 
QWP 
A 
Crystal 
V 
0 
Q 
𝐼0 
𝑉𝜆/2 
Transmission intensity 
Figure 2.4 Left: A transverse Pockels cell intensity modulator. The polarizer P and analyzer A 
have their transmission axis at right angles and P polarizes at an angle 45°to y-axis. Right: 
Transmission intensity vs. applied voltage characteristics. If a quarter-wave plate (QWP) is 
inserted after P, the characteristic is shifted to the dashed curve. 
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An applied voltage inserts a phase difference ∆∅  between the two electric field 
components. The light leaving the crystal now has an elliptical polarization and hence a field 
component along the transmission axis of A. A portion of light will therefore pass through A 
to the detector. The transmitted intensity now depends on the applied voltage V. The field 
components at the analyzer will be out of phase by an amount ∆∅. We have to find the total 
field E and the component of this field along the transmission axis of A. Suppose that 𝐸0 is 
the amplitude of the wave incident on the crystal face. The amplitudes along x and y-axis 
will be each 𝐸0 2 (notice that 𝐸𝑥  is along the –x direction). The total field E at the analyzer 
is, 
𝐸 = −𝑥 
𝐸0
 2
𝑐𝑜𝑠 𝜔𝑡 + 𝑦 
𝐸0
 2
𝑐𝑜𝑠 𝜔𝑡 + ∆∅                      (2.33) 
A factor cos(45°) of each component passes through A. We can resolve 𝐸𝑥  and 𝐸𝑦  
along A’s transmission axis and then add these components and use a trigonometric identity 
to obtain the field emerging form A. The final result is, 
𝐸 = 𝐸0 𝑠𝑖𝑛  
1
2
∆∅ 𝑠𝑖𝑛  𝜔𝑡 +
1
2
∆∅                                  (2.34) 
The intensity I of the detected beam is then 
𝐼 = 𝐼0𝑠𝑖𝑛
2  
1
2
∆∅                                                                  (2.35) 
or 
𝐼 = 𝐼0𝑠𝑖𝑛
2  
𝜋
2
∙
𝑉
𝑉𝜆/2
                                                            (2.36) 
Where 𝐼0 is the light intensity under full transmission [8]. 
2.2.5 Applications 
PR materials can be employed in a large variety of applications includes optical image 
processing (pattern recognition, image amplification, etc.), high density optical data storage, 
optical limiting and optical switching devices, dynamic holography, spatial light modulation 
(SLM), self-pumped phase conjugation, beam fanning optical limiters, and many other 
usages [9]. It should be noted that different applications require PR materials with different 
characteristics. For example, optical data storage application requires a PR material with 
long storage time (provide by deep trap sites), but does not necessitate a large electro-optic 
response, while an optical correlator calls for short storage time and relatively large electro-
optic response. 
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2.3 Fabrication of nematic liquid crystal with dopants 
2.3.1 Materials 
① Nematic Liquid Crystal 
 Useful PR materials must have appropriate material properties. For instance PR 
materials must be insulators or semi-insulating semiconductors, otherwise excess free 
carriers screen the trapped space-charge. On the other hand, PR materials must have 
appreciable photoconductivity to allow the charge to separate and form space-charge fields. 
Defect states with sufficient concentrations are essential the PR process because they 
provide the sites to trap the space charge. When insufficient trap sites are available, the 
space-charge fields and the optical gratings are limited in magnitude. Electro-optic effect 
ultimately determines the magnitude of the light-induced gratings. 
 Due to the flexibility of organic chemical synthesis, approaches to the PR effect in 
amorphous organic materials are numerous. In addition to generally differentiate the 
materials due to their glass-transition temperature, a further means to categorize the 
materials is due to their structural components. There are various types of amorphous 
material such as monolithic or fully functionalized materials and low-molecular-mass glasses. 
But in this work, we used nematic liquid crystal 5CB (Wako)as PR material. 
 Nematic liquid crystal possess centro-symmetry and the field induced refractive-index 
change is quadratic in the total electric field, i.e., ∆n = n2E
2, the so-called Kerr effect. Such 
quadratic dependence actually allows the mixing of the applied dc field with the space 
charge field for enhance director axis reorientation effect. An optical intensity grating acting 
on the nematic liquid crystals will produce an index grating that is phase shifted by ~π/2 
from the optical intensity as a result of the charge diffusion and space charge field build-up 
[10]. 
 The chemical structure of liquid crystal 5CB is shown in Figure 2.7. 
 
 
 
 
 
 
 
 
CN C7H15 
Figure 2.7 : Chemical structure of 5CB [11]. 
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② Dopants as sensitizer 
 Sensitizer is understood to give a big influence with regard to the field-dependent 
steady-state and even more articulate, dynamic performance of the composites. The 
sensitizer support in the generation of charges and has thus to be compatible with the host 
in terms of solubility and must be selected with regard to the frontier orbital energy level 
distribution of the materials in the composite. Moreover, the sensitizer has to absorb at the 
targeted spectral region of operation for initial exciton formation.  
 The sensitizer serve as a trap for the immobile electrons created upon charge generation. 
These radical anions are known to establish recombination traps for mobile hole with radical 
anion. Thus, the chemical and photo-physical nature as well as the density of the sensitizer plays a 
crucial role in the dynamic and field-dependent formation of the PR grating through its significant 
influence on all photoelectric parameters [12]. 
 In this work, the sensitizer utilized are C60fullerene (Sigma-Aldrich), Dispersed Red 1 dye (Sigma-
Aldrich), Dispersed Red 9 dye (Sigma-Aldrich), and Dispersed Blue 14 dye (Sigma-Aldrich).These 
sensitizers are doped into liquid crystal cell to enhance its PR effect.  The chemical structures of the 
dopants are shown in Figure 2.8[13]. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a) C60 b) Dispersed blue 14 c) Dispersed red 9 
d) Dispersed red 1 
Figure 2.8 : Chemical structures of dopants. 
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2.3.2 Device Fabrication 
In order to study PR effect in nematic liquid crystal with dopants, we fabricated the devices 
and the procedure is shown below. 
① Sample preparation 
a) First, 25mm x 25mm indium tin oxide (ITO) coated glasses are cut into half with a 
diamond cutter [Figure 2.9] and then pre-washed with detergent and sponge. To make 
sure the glasses are really cleaned, it is then washed with ultrasonic cleaner for 15 
minutes. After that, the glasses are dried in 100 degree oven for 1 hour. 
 
 
 
 
b) Second, the clean glasses are then coated with polyvinyl alcohol (PVA) as alignment layer 
to promote a homogenous liquid crystal alignment. A spin-coater machine is used to 
coat the PVA onto the glasses with 2000rpm x 20seconds as condition. Then the glasses 
are baked at 100 degree for 3 hours. After that, the PVA layer is rubbed with a velvet-
like cloth to provide groove for the liquid crystal molecules to align [Figure 2.10]. 
 
 
 
  
c) Two PVA coated glasses are then integrated with two 15μm thick spacers to form an 
empty cell. Lastly, the mixtures of liquid crystal with dopant are then injected into the 
cell to form dye-doped and fullerene-doped liquid crystal sample [Figure 2.11]. 
 
 
 
 
 
 
 
Figure 2.9 : Glass cut 
ITO glass 
PVA 
Figure 2.10 : PVA coating and rubbing 
15μm spacer 
mixture 
Figure 2.11 : Space formation and mixtures injection 
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② Mixture preparation 
In this work, we prepared 5 types of samples. One used pure liquid crystal while the 
other four used mixture of liquid crystal with dopants. Table 2.12 below shows the mixture 
variation and the ratio applied. 
Sample Number Liquid Crystal Ratio (wt%) Dopant Ratio (wt%) 
1 5CB 100.00 - - 
2 5CB 99.00 Dispersed Red 1 1.00 
3 5CB 99.00 Dispersed Red 9 1.00 
4 5CB 99.50 Dispersed Blue 14 0.50 
5 5CB 99.95 C60 0.05 
 
a)  First, put an empty bottle onto the weigh machine. Then reset the scale to zero. Using a 
pipette, take out some liquid crystal 5CB from its container. Slowly transfer the liquid 
crystal into the empty bottle on the weigh machine until the required amount is 
obtained [Figure 2.13]. After that, put the bottle with liquid crystal aside.  
 
 
 
 
 
 
b)  Take out a piece of weighing paper and fold it into half. Make sure the fingers did not 
touch the center of the paper to avoid unnecessary dirt. Put the paper onto the weigh 
machine. Reset the scale to zero. Using a spatula, take out the dyes or fullerene from its 
container and slowly put it onto the paper on the weigh machine until the required 
amount is obtained [Figure 2.14]. 
 
 
 
 
 
 
Table 2.12 : Mixture variation and ratio 
Figure 2.13 : Liquid crystal 5CB weighing 
  
Weighing 
paper 
5CB 
Spatula 
Dopant 
Figure 2.14 : Dopants weighing 
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5 
CB 
CB 
Pipette 
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c)  Pour the dopants on the paper into the bottle which contained liquid crystal. Then put a 
small magnet into the bottle to mix the mixture. Place the bottle onto a magnetizer and 
rotate the magnet with the speed of 500rpm [Figure 2.15]. On the same time, the 
temperature of the magnetizer is set to 42 degree to help the mixture dissolve well. The 
mixture is ready to use when the powder of the dopants is no longer seen. 
 
 
 
 
 
2.4 Conclusion 
 In this chapter, we discussed about the theoretical description of PR effect. Generally 
the PR effect is due to a combination of various physical mechanisms such as photoinduced 
charge generation, charge carrier transport and electro-optical effect. We also explained 
about two beam coupling, pockels effect, photoconductivity and traps which occur when a 
crystal is illuminated with light source.  
 Then we go through the PR materials which are used in our experiment. As for the 
nematic liquid crystal, we used 5CB and as for the dopants we used DR1, DR9, DB14 and C60. 
Using these materials we explained how to fabricate the nematic liquid crystal with dopants’ 
devices. 
 
 
 
 
 
 
 
 
 
Small 
magnet 
Pincette 
Dopant 
Magnetizer Mixture 
Figure 2.15 : Mixture dissolving 
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Chapter 3 : Photorefractive response in nematic liquid crystal with dopants. 
3.1 Prologue 
 PR effect is normally obtained under intensity-modulation system but rarely being 
observed under polarization-modulation system. In this study, we aim to investigate PR 
effect under both systems because of their potential applications in the fields of holographic 
interferometry, optical processing and high-density data storage. This chapter will discuss 
about the experimental method and result of PR effect observed under those systems. 
3.2 Two beam coupling method 
The investigation on PR response is performed by means of two beam coupling method. 
Two coherent He-Ne laser beams (wavelength λ=633nm, diameter 1mm) of equal intensity 
I0(~7mW), are intersected on the sample with a small angle in a non-tilted geometry 
creating an interference pattern with a period of 30μm. This grating period is calculated 
using grating equation, 𝛬 = 2𝑑, where d is the cell thickness. The incident beam bisector 
makes an angle of 0.6°with the normal to the cell walls using the correlation equation of 
𝛬 =
𝜆
2
𝑠𝑖𝑛 𝜃, where λ is the laser wavelength and 𝜃 is the incident beam bisector angle 
[Figure 3.1]. 
 
 
 
 
 
 
 
 
 
 
 The sample is then tilted about 30°from the x-axis because the tilt provides a 
component of the applied electric-field along the grating wave-vector, which allows the 
mobile charges to migrate from the bright to the dark regions of the interference 
pattern[14]. After that, dc voltage (Vdc=10V) is applied to the ITO electrodes in order to 
increase the efficiency of charge generation in the sample. The first order diffraction 
intensity I1 and I1′  is determined with a photodiode connected to oscilloscope. The 
Figure 3.1 : Two beam coupling 
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diffracted beam is selected by placing a beam filter in front of the sample to cut unnecessary 
noise [Figure 3.2]. 
 
 
 
 
 
 
 
 
 In intensity-modulation system, the probe beams are both set to p-polarized beams (in 
Figure 3.1, polarizer 2 and polarizer 3 are set to p-polarized). On the other hand, in 
polarization-modulation system, one beam is set to p-polarized beam and the other one is 
set to s-polarized beam (in Figure 3.1, polarizer 2 is set to p-polarize and polarizer 3 is set to 
s-polarize). 
 During the two beam coupling experiment, the mechanism of PR occurred inside the 
sample can be explain as in Figure 3.3 below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 : First order diffraction intensity measurement 
Figure 3.3 : Schematic illustration of PR effect inside the sample 
1) Bright and dark regions are generated from the 
superposition of two coherent laser beams. 
2) Charge carrier pairs are created in the bright regions of the 
interference pattern. 
4) The electric field then produce an electro-optical effect which 
change the refractive index of the material. This causes the 
grating space to phase-shifted by π/2, and leads to the 
diffraction of the beam. 
3) Negative charge is trapped in the bright regions while 
positive charge is diffused thermally. As a result, electric field 
occurred between the bright and dark regions. 
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3.2.1 Intensity-modulation experiment result 
 The configuration of intensity-modulation system is shown in Figure 3.4 where the 
resultant interference light exhibits constant polarization and modulated intensity. 
 
 
 
 
 Figure 3.5 is an example of sample’s diffraction picture under intensity-modulation 
experiment. I0 and I0′ are the transmitted light of probe beam meanwhile I1and I1′ are the 
first order diffracted light. In addition, I0
′  and I1′ are s-polarized beams and I0  and I1 are p-
polarized beams. 
 
 
 
 
Since I1 and I1′ show the same intensity, we only measured at one-side. In Graph 3.6 we 
report the first order diffraction intensity I1 of the samples versus the time. Four of the 
samples which are 5CB(100wt%), DR9(1wt%)+5CB(99wt%), DR1(1wt%)+5CB(99wt%) and 
DB14(0.5wt%)+5CB(99.5wt%) show a transient diffraction which had decayed through times. 
But the diffraction intensity of C60(0.05wt%)+5CB(99.95wt%) sample becomes higher as the 
time pass.  
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Figure 3.4 : Configuration of intensity-modulation setup by p- and p-polarized interfering fields 
Figure 3.5 : Example of intensity-modulation diffraction picture 
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Graph 3.6 : First order diffraction intensity 
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From the diffraction on the graph, we concluded that all of the samples succeeded to exhibit 
PR effect under intensity-modulation system. 
3.2.2 Polarization-modulation experiment result 
 The configuration of polarization-modulation system is shown in Figure 3.7 where the 
resultant interference light exhibits constant intensity, but the polarization state is 
periodically modulated. 
 
 
 
 
 Figure 3.8 is an example of liquid crystal with dopants sample diffraction picture under 
polarization-modulation experiment. I0 and I0′ are the transmitted light of the probe beam 
meanwhile I1and I1′ are the first order diffracted light. In addition, I0
′  and I1′ are s-polarized 
beams and I0  and I1 are p-polarized beams. It is obvious that the intensity of I1and I1′are 
different. 
 
 
 
 
 Meanwhile, we discovered that undoped liquid crystal sample shows no diffraction at all 
as shown in Figure 3.9. There are only transmitted light of I0 and I0′ can be seen in the 
picture. 
 
 
 
 
For further understanding on this experiment, we also measured the first order 
diffraction intensity I1 and I1′ versus the time of the samples as shown in [Graph 3.10] and 
[Graph 3.11], respectively.    
 
 
δ = 0              δ =
π
2
                 δ = π                δ =
3π
2
          δ = 2π 
          
Figure 3.7 : Configuration of polarization-modulation setup by p- and s-polarized interfering 
fields 
I1′ I1 I0 I0’ 
Figure 3.8 : Example of polarization-modulation diffraction picture 
I0 I0′ 
Figure 3.9 : Picture of undoped liquid crystal sample under polarization-modulation system  
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Graph 3.10 : First order diffraction intensi y I1 
Graph 3.11 : First order diffraction intensity I1′ 
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 From Graph 3.10 and Graph 3.11, we confirm that diffraction intensity of I1′ is much 
bigger compared to I1 except for undoped liquid crystal (5CB[100wt%]) which exhibit no 
diffraction at all. The difference of diffraction intensity might be due to divergent in 
absorption rate between p-polarized beam and s-polarized beam. It is presume that the 
higher absorbance rate, the bigger diffraction intensity. From the experiment, we noticed 
that s-polarized beam gives higher diffraction intensity. The correlation between the 
diffraction intensity and absorbance rate will be discussed in chapter 4.  
 In conclusion, we succeeded to confirm PR effect under polarization-modulation system 
in liquid crystal with dopants but not in undoped liquid crystal. 
3.2.3 Discussion 
 The refractive index in response to the interference pattern can be obtained by means 
of the interaction between two writing beams,𝑬1 and 𝑬2, inside a PR medium [15] : 
𝑛 = 𝑛0 +  
𝑛1
2
𝑒𝑥𝑝 𝑖∅ 
𝑒 1 ∙𝑒 2𝐴1𝐴2
∗
𝐼0
× 𝑒𝑥𝑝 −𝑖𝑲 ∙ 𝒓 + 𝑐. 𝑐.   (3.1) 
where c.c. represent the complex conjugate and 𝐴1𝑒 1 and 𝐴2𝑒 2 are wave amplitude vectors 
of 𝐄𝟏 and 𝑬2, respectively. 𝐼0is the sum of the intensities of the two writing beams, 𝑛0 is the 
refractive index of the unilluminated medium, and ∅ is the spatial phase difference between 
the interference field and the index grating.Kis the grating vector (= 𝒌2 − 𝒌1), where 
𝒌1 and 𝒌2 are the wave vector of 𝑬1 and𝑬2, respectively, and n1is the amplitude of the 
index modulation. Generally, 𝑬1is parallel to 𝑬2 in intensity-modulation system, and the 
refractive index in equation (3.1) is spatially dependent sinusoidal in space.  
 However, if 𝑬1fis orthogonal to 𝑬2 like in polarization-modulation system, the index 
becomes spatially independent and a grating cannot be produced, even when a dc voltage is 
applied. Hence, how can a PR effect such as that presented in Graph 3.10 and Graph 3.11 
occurred in polarization-modulation system? The mechanism is explained as follows.  
 The occurrence of such a PR phenomenon in liquid crystal with dopants under 
polarization-modulation system can be attributed to the dyes’ and fullerene’ unique 
property of anisotropic absorption. The guest-host effect causes the dye and fullerene to 
align in parallel with the liquid crystal molecules. The probability  𝑃  of a dye or fullerene 
molecule’s absorbing a photon is proportional to the square of the cosine of the angle (𝜑)  
between the direction of polarization of the interference pattern and the transition dipole 
moment; that is, 𝑃 ∝ 𝑐𝑜𝑠2𝜑. The transition dipole moment of a dye or fullerene molecule is 
roughly parallel to the molecule’s long axis.  
 When the modulated linearly polarized interference field acts on the liquid crystal with 
dopants sample, the distribution of the photogenerated space charge is spatially modulated 
because φand, in turn P are periodically spatially modulated. When a dc voltage is applied, a 
space-charge field is set up and self-diffraction pattern is obtained from the PR grating. A 
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phase shift of ∅ is reasonably induced between the polarization-modulation interference 
pattern and the index grating [16]. Grating space Λ (the distance between𝛿 = 0 and 𝛿 = 2𝜋, 
calculated as Λ=
𝜆
2 𝑠𝑖𝑛 𝜃
) is 30μm, which corresponds to the Raman-Nath regime of 
diffraction because the 𝑄(calculated as 𝑄 =  
2𝜋𝜆𝑑
𝑛 𝛬2
 ) parameter in this experiment is obtained 
as ~0.04. 
 This explained why we succeeded to confirm PR effect under polarization-modulation 
system is liquid crystal with dopants but not in undoped liquid crystal. 
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3.3 Low frequency AC responses 
In order to further analyze the validity of our devices, we monitored the PR response in 
our samples by applying a very low frequency AC voltage (0.1 Hz, 10Vpp). This experiment is 
carried out in the same condition as two beam coupling method. The result for intensity-
modulation system is shown in Figure 3.12 and the result for polarization-modulation 
system is shown in Figure 3.13. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.12 : First order diffraction intensity for low frequency AC voltage under 
intensity-modulation system 
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 In intensity-modulation system, we discovered that only liquid crystal doped with DB14 
and C60 enhance PR effect under low frequency AC voltage. Although the diffracted intensity 
peak of both device is higher compared to applying DC voltage, the amplitude of the peak 
differ each time the applied voltage switches polarity and shows no consistency. However 
there is one favorable characteristic we noticed from the graphs which is short response 
time. PR devices that possess short response time are really suitable for optical switch. 
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 On the other hand, under polarization-modulation system, all of the devices except pure 
liquid crystal cell give diffraction on I1’ and only C60 give diffraction on both I1 and I1’. 
Compared to applying DC voltage, the diffracted intensity of the devices are lower in AC 
voltage. Furthermore, the devices show diffraction intensity peak when the applied voltage 
switches polarity like under intensity-modulation system. From the graphs, we concluded 
that all of the devices except pure liquid crystal cell show PR effect for low frequency AC 
under polarization-modulation system. 
 
 
 
 
 
Figure 3.13 : First order diffraction intensity for low frequency AC 
voltage under polarization-modulation system 
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3.3.1 Discussion 
 From low frequency AC response experiment, we discovered that applying AC voltage 
can insulate the diffraction intensity of the samples. This might be due to the impurity ions 
movements inside the cell.  
 There are many impurity ions inside the cell and some of it has a big size and heavy. 
When AC voltage is applied, for example in Figure 3.14(a), negative ions will move to 
positive electrode and positive ions will move to negative electrode. Since the ions are 
heavy, it takes time to reach the electrode.  
 
 
 
 
 
 
 But before it can reach the electrode, the polarity of the electrode change as the voltage 
switches polarity [Figure 3.14(b)]. This prevents the ions to complete its movement and this 
situation keeps on repeating as the voltage switches polarity. As a result, ionic movement 
inside the cell decreases and insulates the diffraction intensity. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13 (a) Figure 3.13 (b) 
Figure 3.13 Ionic movement inside the cell when ac voltage is applied 
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3.4 Conclusion 
 In this chapter, we explained the PR responses in our fabricated devices. 
 We check the first order diffraction intensity of the devices using two beam coupling 
method to confirm the PR effect. We divided the experiment into two system which are 
intensity-modulation system and polarization-modulation system. In intensity-modulation 
system, the polarization state of two illuminated beams are parallel to each other 
meanwhile in polarization-modulation system, the two illuminated beams are orthogonally 
polarized. An external DC voltage (VDC=10) is applied to the devices during this experiment. 
 From the result we succeeded to confirm PR effect in all of our devices when 
investigated under intensity-modulation system. But under polarization-modulation system, 
pure liquid crystal cell did not showed any diffraction intensity which means no PR effect. 
The other samples which are DR1, DR9, DB14 and C60 show higher diffraction intensity at I1’ 
compared to I1. In addition, we discovered that among the devices, DB14 gives the highest 
first order diffraction intensity. 
 Then we make a further analysis to our devices by applying AC voltage (V=10Vpp) in 
substitute to DC voltage. We noticed that only DB14 and C60 show PR effect under intensity-
modulation system. Meanwhile, under polarization-modulation system, we succeeded to 
confirm PR effect in all of our devices except in pure liquid crystal cell. We noticed that 
applying AC voltage can insulate the diffraction intensity compared to applying DC voltage. 
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Chapter 4 : Photorefractive mechanism in nematic liquid crystal with dopants. 
4.1 Prologue 
In previous chapter, we perform two beam coupling experiment to confirm PR effect in 
our samples. We noticed that different types of dopants lead to differences of diffraction 
intensity. This might be due to the PR mechanism of the samples which distinct from each 
other.  Since photorefractivity involves the generation, transport and trapping of charge, it is 
thus directly related to photoconductivity. In this chapter, we will investigate the PR 
mechanism in each sample by performing dark conductivity and photoconductivity 
experiment. We will also observe the movement of the ion inside the sample using 
polarization optical microscope when an external voltage is being applied to it. 
4.2 Dark and photoconductivity 
To investigate the dark conductivity of the samples, we attached the samples serially 
with multimeter and function generator. DC voltage from -10V to +10V is applied to the 
sample and the dark current generated is recorded using eltima software installed in the 
computer. The same method is used to measure the photoconductivity. However this time 
He-Ne laser is illuminated to the sample and the DC voltage is kept constant at +10V [Figure 
4.1]. 
 
 
 
 
 
 
 
The current-voltage characteristics for different types of dopants are shown in Figure 4.2. 
From the graph we understand that higher voltage generates higher dark current. We also 
learn that dopants do affects the photoconductivity of the samples.  Among all of the 
dopants used, DB14 shows the highest dark current followed by C60. Meanwhile the dark 
current of DR1 and DR9 only show a small different compared to undoped sample. 
Dark conductivity in liquid crystal cell is ionic. Charge carriers can be genuine ionic 
impurities, geminate ion pairs generated in the bulk by background ionization, or can be 
created near the electrodes by photochemical reactions activated by injection of electrons 
and holes. This latter mechanism is believed to dominate in liquid crystal cells [17]. 
 
Figure 4.1 : Experimental setup 
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The photoconductivity for different types of dopants is also measured. Wavelength 
λ=633nm of He-Ne laser which has the intensity ranging from 1mW until 10mW is 
illuminated to the samples. The result for photocurrent versus illumination intensity is 
shown in Figure 4.3.  
 
 
 
 
 
 
 
 
 
 
 
From Figure 4.3 we understand that illumination intensity affect the generated 
photocurrent. The stronger illumination intensity of the laser, the higher photocurrent 
occurred in the samples. We also noticed that liquid crystal cell doped with DB14 has the 
Figure 4.2 : DC dark current-voltage characteristic of the samples 
0
100
200
300
400
500
600
700
800
900
1000
0 1 2 3 4 5 6 7 8 9 10
P
h
o
to
cu
rr
en
t 
(n
A
)
Illumination Intensity (mW)
5CB(100wt%)
DR1(1wt%)+5CB(99wt%)
DR9(1wt%)+5CB(99wt%)
DB14(0.5wt%)+5CB(99.5wt%)
C60(0.05wt%)+5CB(99.95wt%)
Figure 4.3 Photocurrent versus illumination intensities of the samples 
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highest photocurrent followed by C60 and DR9. Meanwhile DR1 and undoped liquid crystal 
cell only shows slightly different of photocurrent. 
To further check our samples, we perform the absorbance experiment to find out the 
correlation between types of dopants and rate of absorbance. We will also find out whether 
the absorbance of the dopants affects the PR effect or not. 
Since that there is no experimental equipment that can directly measure the absorbance 
of the samples in our laboratory, we first measured the transmittance of the samples. Then 
we used the transmittance-absorbance relationship equation (A = − log T) to convert the 
transmittance to absorbance. The intensities of the He-Ne laser are set from 1mW to 10mW. 
However the result shows that the intensities of the laser did not affect the rate of 
absorbance. Hence, we take the average of the value as the rate of absorbance. We used 
two kinds of polarized beam which are p-polarized beam and s-polarized beam. The 
difference of absorbance rate when there is no voltage applied and when there is 10V of dc 
voltage is applied is recorded in Table 4.4. 
 
 
 
 
 
 
 
From Table 4.4, we discovered three crucial matters. First we understand that the 
absorbance of s-polarized beam is higher than p-polarized beam in all of our samples. This 
might leads to the distinction of the first order diffraction intensity in two beam coupling 
experiment under polarization-modulation system where the s-polarized beam gives higher 
diffraction intensity compared to p-polarized beam. Since that the samples absorbed s-
polarized beam more than p-polarized beam, this means that the changes of refractive 
index inside the sample is bigger when s-polarized beam is illuminated compared when p-
sample 5CB(100wt%) DR1(1wt%)+5CB(99wt%) DR9(1wt%)+5CB(99wt%) 
 p-
polarized 
beam 
s- 
polarized 
beam 
p- 
polarized 
beam 
s- 
polarized 
beam 
p- 
polarized 
beam 
s- 
polarized 
beam 
Absorbance(%) 
[Vdc=0] 
8.7% 10.0% 9.9% 10.9% 11.4% 13.4% 
Absorbance(%) 
[Vdc=10] 
10.0% 11.1% 12.2% 13.4% 12.8% 14.5% 
sample DB14(0.5wt%)+5CB(99.5wt%) C60(0.05wt%)+5CB(99.95wt%) 
 p- 
polarized 
beam 
s- 
polarized 
beam 
P- 
polarized 
beam 
s- 
polarized 
beam 
Absorbance(%) 
[Vdc=0] 
32.5% 64.9% 11.6% 13.4% 
Absorbance(%) 
[Vdc=10] 
35.0% 73.3% 13.8% 14.7% 
Table 4.4 Rate of absorbance for the samples when no voltage is applied and 
after 10V of dc voltage is applied. 
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polarized beam is illuminated. This causes the s-polarized beam to give higher diffraction 
intensity in two beam coupling experiment. We can conclude that s-polarized beam gives 
better PR effect to our samples compared to p-polarized beam. 
Second, we understand that applying an external voltage to the samples will make the 
rate of absorbance increase. This might be due to the changes of refractive indices of liquid 
crystal molecule inside the cell when an external voltage is applied.  
Lastly, we found that liquid crystal cell doped with DB14 has the highest absorbance rate 
followed by C60, DR9 and DR1. Meanwhile undoped liquid crystal shows the lowest 
absorbance rate. This result suggests that adding some dopants to the liquid crystal cell will 
enhance the absorbance rate. This behavior is compatible with the photoconductivity where 
liquid crystal with dopants shows higher photocurrent compared to undoped liquid crystal. 
The reason is because the dopants provide the species producing photoexcited charge 
carriers which enhances the photocurrent. 
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4.3 Polarizing microscope picture 
In order to understand better about ionic movement which assists the PR effect inside 
the cell, we took the polarizing microscopic pictures of the samples. The polarizer of the 
microscope is set to be crossed Nichol (orthogonally to each other) so that the ionic 
movement can be observed clearer.  The result is shown in Figure 4.5. 
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From Figure 4.5 we discovered that there is no changes happened inside all of the 
samples when no voltage is applied. Round shaped grainy-like pattern and water patch 
pattern started to emerge when 4V is applied and the amount of the pattern continued to 
grow as the voltage increases. Those patterns are considered to be ionic movement and the 
amount of it indicates the number of ion inside the cell. We can see that liquid crystal cells 
doped with dyes and fullerence have more patterns compared to undoped liquid crystal. 
This indicates that the dopants enhance the ionic movement which also helps to promote 
the PR effect. 
There is one more crucial matter can be point out from the microscopic pictures.  If we 
observed carefully, we can see the darkness of the pictures vary according to the voltage 
applied. This can be explained as below [Figure 4.6]. 
 
 
 
 
 
 
 
 
 
 
 
 
(b) 
Some light transmitted Light 
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Polarizer 1 Polarizer 2 Sample 
No light transmitted 
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(e) 
Figure 4.5 Polarizing microscopic picture (a) 5CB(100wt%), (b) DR1(1wt%)+5CB(99wt%),            
(c) DR9(1wt%)+5CB(99wt%), (d) DB14(0.5wt%)+5CB(99.5wt%), (e) C60(0.05wt%)+5CB(99.95wt%) 
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Since the polarizer of the microscope is set to be cross Nichol, when no voltage is 
applied to the samples, light could not be transmitted through polarizer 2 and make the 
pictures look dark [Figure 4.6(a)]. But the pictures became slightly bright when 4V is applied 
and became dark again at 10V. This might be due to the changes of refractive index of liquid 
crystal molecules upon the external voltage.  
Suppose that when an external voltage is applied to the samples, homogeneously 
aligned (x-axis) liquid crystal molecules [Figure 4.6(a)] will becomes hemeotropic alignment 
(z-axis) [Figure 4.6(c)]. However, the alignment  of liquid crystal molecules did not turn into 
homeotropic state when 4V is applied to the samples but instead the liquid crystal 
molecules slightly tilted between x,y,z-axis [Figure 4.6(b)]. The slightly tilted liquid crystal 
molecules causes the polarization light to shift compatible with liquid crystal axis thus 
allowing some light to be transmitted through polarizer 2. As a result, the pictures become 
brighter. 
 
 
 
 
 
 
 
 
 
 
 
(c) 
No light transmitted Light 
Vdc = 8V or 10V 
z 
y 
x 
Figure 4.6 Transformation of liquid crystal polarization state upon external 
voltage and how it affects transmitted light. 
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4.4 Conclusion 
In this chapter, we investigated the PR mechanism in our fabricated devices. 
As describe in previous chapter, PR effect implicates photoexcitation and transportation 
of charges. Thus the photorefractivity are directly related to photoconductivity [18]. We 
performed the dark conductivity experiment and the results show that higher voltage gives 
higher dark current. Furthermore, in photoconductivity experiment we found that 
illumination intensity affect the photocurrent generated. From these two experiments we 
discovered that liquid crystal cell with dye DB14 and fullerene C60 produces more dark 
current and photocurrent compared to other samples.  This indicates that DB14 and C60 
provide more species which produce the photoexcited charge carriers. 
We also observed the ionic movements inside our devices using polarizing microscope. 
Round shape grainy-like pattern and water patch pattern occurs in our devices as the 
voltage is applied. We believed that this pattern is the ionic movements. The amount of the 
pattern differs according to the voltage. By observing the microscopic pictures we also 
understand how the refractive index of liquid crystal molecules change according the 
voltage applied. 
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Chapter 5 :Summary 
In chapter one, we have introduced about the background and the objective of our 
research. Nematic liquid crystals which possess large optical nonlinearities owing to their 
large refractive index anisotropy together with the collective molecular reorientation really 
attract our attention. Moreover doping absorbing dyes and fullerene into liquid crystals 
increases their optical responses making the research regarding to the PR effect more 
interesting. The main objective was to investigated PR responses and mechanisms in 
nematic liquid crystal cell doped with dyes and fullerene. 
In chapter two, we explained the theoretical description of PR effect. The PR effect is a 
light-induced change of the refractive index of a PR material, which exhibit three specific 
process upon spatially non-uniform illumination. These three processes are 
photoconductivity, charge trapping and electro-optical effect. We have explained in detail 
about these three processes in this chapter. We also introduced the materials used to 
fabricate the nematic liquid crystals with dopants. Then we describe the fabrication 
methods of our devices. 
In chapter three, we have investigated the PR responses of our devices. We conducted 
two beam coupling experiment under two system which are intensity-modulation and 
polarization-modulation.  We succeeded to confirm the PR effect in all of our samples under 
intensity-modulation system with dc voltage but not with ac voltage. On the other hand, 
under polarization-modulation system with dc voltage we succeeded to confirm the PR 
effect in nematic liquid crystal cells with dopants but not in undoped cell. As for the ac 
voltage we merely succeeded to confirm the effect in several of our devices. In addition, we 
discovered a crucial difference between intensity-modulation system and polarization-
modulation system. The experiment results showed that under intensity-modulation system, 
first order diffraction intensity on the left and on the right side has the same intensity. 
Meanwhile under polarization-modulation system, first order diffraction light on the left and 
on the right side clearly exhibits contradiction intensity. 
In chapter four, we have investigated the PR mechanisms occur in our devices. The dark 
and photo conductivity of the samples are measured. The observed dark current-voltage 
and photocurrent-illumination intensity characteristics showed a proportional relationship. 
Absorbance rate of the samples also measured to find the connection with 
photoconductivity. We discovered that our samples absorb s-polarized beam better than p-
polarized beam. Moreover, applying external voltage also enhances the absorbance rate. 
From all of our devices, we found that liquid crystal doped with dye DB14 and fullerene C60 
have a good absorbance rate and leads to higher dark current and photocurrent.To observe 
the ionic movements inside our samples we took the microscopic pictures. We noticed the 
round shape grainy-like pattern and water patch pattern occurs as the voltage is applied to 
the samples. We believed the patterns are the ionic movements.  
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For future work, we would like to propose a new device which we consider might provide 
a better PR effect. From this research, we found that dye DB14 and fullerene C60 are great 
dopants for nematic liquid crystal PR devices. We think that combining these two dopants 
inside one liquid crystal cell will enhance a better PR effect.  
In addition, during the research we discovered an important PR exponential gain 
coefficient which can be express as below, 
𝛤 =
1
𝑑
𝑙𝑛  
𝐼2/𝐼20
𝐼1/𝐼10
                                            (5.1) 
where Γ  is PR exponential gain and d is the cell thickness. I1 and I2 are beam intensities in 
front of the sample with applied voltage meanwhile I10  and I20  are beam intensities behind 
the sample without applied voltage. As we can see from this equation, PR exponential gain, 
Γ  is inversely proportional to the cell thickness, d. In order to get a better PR gain, we can 
use a smaller spacer inside the cell. 
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